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ABSTRACT 
The change in cell-wall density from the water-swollen (1.0 g!cm3) to the oven-dry (1.43 dcrn7) 
condition is a function of the percent of shrinkage in the cell wall. Cell-wall density obtained opto- 
metrically by the Dual-Linear measuring micrometer and the dot-grid eyepiece compared favorably 
with densities reported for mercury porisimeter or picnometric techniques. Both optometric tech- 
niques are nondestructive and offer advantages over destructive techniques. Void volumes in the dry 
cell wall were calculated to be approximately 3.S%, fiber saturation point for extractive-free cell wall 
ahout 35%. Average intefibrillar spacing in the water-swollen condition was 20 A for both earlywood 
and latewood and in the dry wall; spacing was 4.7 A for earlywood and 8.3 for latewood. 
Key,uordr: Specific gravity, cell-wall density, cell-wall area, cell-wall shrinkage, optometric mea- 
surements, Douglas-fir. 
INTRODUCTION 
This paper compares two nondestructive procedures for estimating cell-wall 
density of Douglas-fir in both the green and oven-dry condition: the Dual-Linear 
measuring micrometer and the dot-grid eyepiece. Estimates from these proce- 
dures allow the cell-wall void volume and the spacing between microfibrils within 
the wall to he derived in both the green and oven-dry conditions. These estimates 
also provide a basis to approximate dry wall density and void volume, both 
important in chemical bulking treatments, chemical modification, permeability 
studies, shrinkage, growth responses to silvicultural treatments, and heritability 
studies. Proportionate cross-sectional wall area was estimated directly from mi- 
crotomed surfaces of extracted solid wood specimens of isolated but intact ear- 
lywood and latewood. 
LITERATURE REVIEW 
Cell-wall density in the water-swollen, extractive-free condition is 1.53 g/cm3 
as determined picnometrically in water (Stamm 1929) and 1.46 g/cm3 by helium 
in the oven-dry condition (Stamm and Hanson 1937). This range allows for a 
maximum of (111.46 - 1/1.53)111.46 = (1 - 1.4611.53) x 100 = 4.6% void in the 
dry-wall volume uncorrected for absorption of water. Numerous reviews have 
been made concerning the controversy over both the cell-wall density in the dry 
state and the percent of voids in the dry cell wall (Berlyn 1964, 1970; Frey- 
Wyssling 1968; Kellogg and Wangaard 1969; Rollins and Tripp 1961; Stamm 1967b; 
and Wilfong 1964, 1966). Values for cell-wall density in the "near" or oven-dry 
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condition as derived by some optometric method have been reported over the 
range of0.71-1.325 (Besley 1964; Jayme and Krouse 1963; Mclntosh 1965; Tsoumis 
1964; Yiannos 1964; Harris 1969), which would indicate considerable pore space 
in the dry wall. These low values have been criticized (Feist and Tarkow 1967; 
Stamm 1967b; Weatherwax and Tarkow 196Rb; Wilfong 1966) because they did not 
adjust values to account for the moisture content of the specimens. Values pub- 
lished for picnometric methods range from 1.42-1.61 gIcm~Stamm 1964; Stamm 
and Seborg 1935; Wilfong 1966), while values published for mercury porosimeter 
methods range from 1.32-1.45 g i ~ m : ~  (Stayton and Hart 1965; Stone et al. 1966). 
Other criticism that has been levied against published optometric methods for 
determining dry cell-wall density has been related to micrometric procedures that 
bulk, skew, or otherwise damage the wood sections used for these determinations 
(Boutelje 1962; Kellogg and Wangaard 1969). 
In a review of published techniques, Smith (1967) categorized those by which 
the amount and distribution of cell wall can be determined: (1) test-point (dot- 
grid) method, (2) line integration method, and (3) cut-out-and-weigh (from pho- 
tomicrographs) and planimetric methods. Of all the methods and techniques 
reviewed, only the one by Smith and Miller (1964) did not require either thin 
sectioning or some time-consuming preparatory methodology. 
The technique for using the Dual-Linear measuring micrometer was initially 
described by Smith (1965). By modeling and utilizing various lumen configurations 
and "average" cell dimensions, she demonstrated that the estimated proportional 
cell-wall area gave excellent correlation (r = 0.997) with specific gravity deter- 
mined by the maximum moisture method. She assumed a cell-wall substance 
density of 1.53 g/cm"(Samm 1964), and for two independent sets of Douglas-fir 
specimens found cell-wall specific gravity to be 0.99 and 0.98 for the earlywood 
sets and 0.97 and 0.95 for the latewood sets in the water-swollen condition. 
Using a dot-grid eyepiece with a microscope, Wangaard (1969) derived the 
proportionate area of cell wall from microtomed sections mounted in water. He 
published values for cell-wall density in the water-swollen condition as 0.999 for 
loblolly pine and 0.988 for spruce pine, but made no differentiation between 
earlywood and latewood. 
The concept of dot-grid sampling was first used in mensurational techniques 
(Bryan 1943), subsequently to obtain the proportion of tissue types (Jayme and 
Krause 1963; Ladell 1959), fiber wall area as a percentage of total wood wall area 
(Kellogg and Ifju 1962), and the proportion of wall of various tissue types on a 
total dry wall weight basis (Chudnoff and Tischler 1963). 
To determine comparability between the Dual-Linear measuring micrometer 
and the dot-grid eyepiece, Quirk (1975) developed two procedures for using the 
dot-grid eyepiece (random fields versus random passes) to yield a mean within 
specified limits of sampling error. Using the random pass technique, Quirk and 
Smith (1975) demonstrated that specific gravity of the water-swollen cell wall 
estimated from the proportional cell-wall area was highly correlated (r = 0.9976 
for Dual-Linear and r = 0.9991 for dot-grid) with specific gravity determined by 
the maximum moisture method. Cell-wall density for earlywood by Dual-Linear 
was 1.032 and 0.994 for dot-grid and 0.993 for latewood by both techniques. On 
the basis of a paired "t" test, the differences between earlywood and latewood 
were not significant. 
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After it had been established that either the Dual-Linear or dot-grid technique 
gives comparable results (r = 0.9967) for estimating specific gravity in the water- 
swollen condition compared to specific gravity by the maximum moisture method. 
the two techniques were utilized for estimating specific gravity in the oven-dry 
condition (Quirk 1984). Cell-wall area values measured by the two techniques 
were highly correlated (r = 0.9987) for the oven-dry condition. Regressions were 
established for the estimated specific gravity and measurements of cell-wall area 
in the oven-dry condition. Forcing the regressions through the origin allows the 
slope of the regression to be an indicator of the cell-wall density (Quirk 1984). 
Frey-Wyssling (1968) demonstrated that the basic microfibrils in the wood cell 
wall are 36 A thick. Using these findings, Rerlyn (1970) published a procedure 
for calculating interelementary fibrillar spacing within the dry cell wall, assuming 
that the diameters of the free space are relatively uniform, and arrived at a value 
of 1.7 A. 
A direct approach to "seeing" or measuring pore structure in the dry cell wall 
with the electron microscope has been unsuccessful. If interstices on the order 
of 1.7 A are representative of the microcapillary structure, then these pore sizes 
are beyond the limit of resolution of a microscope, and necessitate indirect meth- 
ods of estimating pore volumes based on statistical probabilities. Furthermore, 
interstices of this size are beyond the penetrating capacity of the measuring media 
because of their molecular structure and, therefore one would expect density 
estimates to be less than 1.53 glcm" in the dry cell wall. 
Berlyn's calculations of 1.7 A spacing as well as evidence from Stamm (1950), 
Stone (1964, 1966), Stone et al. (1966), Stone and Scallan (1967), and Weatherwax 
and Tarkow (1968a) indicate that the density of the dry cell wall is essentially that 
of the wood substance-approximately 1.5 g l c m ~ w h i c h  would compute as (1 - 
1.5011.53) x 100 or 2% voids. 
Therefore, it was considered necessary to maintain an assumption that the 
density of wood substance in the extracted condition is 1.53 glcrn? in water, and 
that the cell wall contains a finite number of 36 A microfibrils. When completely 
water-swollen, the interfibrillar space is filled with water and the specific volume 
is 0.6536 cmVg of solids. Upon drying, water lost from the interfibril space causes 
shrinkage; but the wall contains the same number of fihrillar elements and the 
density of the solids component remains at 1.53 glcm3. In this way, integrity of 
the morphological structure is maintained and does not preempt the probable 
existence of microcapillaries in the dry cell wall. Data for spacing for this study 
are computed on this basis from both the Dual-Linear and the dot-grid techniques. 
EXPERIMENTAL PROCEDURE 
The same specimens were used as in this author's previous study (Quirk 1975) 
with the exception of one earlywood specimen that was damaged and replaced. 
A total of six earlywood and six latewood specimens were measured to derive 
the amount of cell-wall area in tracheid walls only and also for whole wood 
(tracheids plus rays). The coefficient of correlation between cell-wall area as 
derived by both techniques was r = 0.9967 for the water-swollen condition and 
r = 0.9987 for the oven-dry condition. There was no significant difference in 
specific gravity of the dry wall determined by either technique. The average 
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TABLE I. Avprape mrrrsurernenf data for rnrlywood ond latpwood qf D~nqlos-jir.  
hopmional tracheid wall area Proponional 
Specific Dud-Linear Zeirs dot-gnd Dual-Linear @d Specific 
g"1"ity - y"lvity 
- Green 07 Green Dv Green Dry lrrccn DO. -- 
Specimen Green (D, )  (D ,1 1%) (Z1 (U,) ID'.) (Z.1 C'  .I Dry 
1 0.3488 
2 0.3492 
3 0.2800 
4 0.2760 
5 0.2317 
6 0.2198 
Average 0.2842 
1 0.9538 
2 0.9053 
3 0.8266 
4 0.7978 
5 0.6949 
6 0.6498 
Average 0.8047 
-- 
.-.~ ..--.... Mm2 .~ ..-.....-........ 
EARLYWOOD 
0.3466 0.2937 0.3742 
0.3623 0.2699 0.3460 
0.2943 0.1918 0.2574 
0.2736 0.2050 0.2598 
0.2328 0.1913 0.2243 
0.2139 0.1785 0.2062 
0.2873 0.2217 0.2780 
LATEWOOD 
0.9410 0.8742 0.9411 
0.9025 0.88hh 0.8879 
0.8440 0.8108 0.8493 
0.7974 0.7937 0.8388 
0.7056 0.6408 0.6755 
0.6645 0.6439 0.6978 
0.8092 0.7750 0.8143 
specific gravity of earlywood in the dry condition was 0.308 g/cm3, and that for 
latewood in the dry condition was 1.094 g/cm3. 
Data on the proportionate amount of tracheid wall and tracheid wall plus ray 
wall (whole wood) are listed in Table 1 (from the prior study). 
Cell-wall density (P) in the water-swollen or oven-dry condition was calculated 
from the relationship 
P = GI% cell-wall area (1) 
where G is bulk specific gravity, green volume basis. Actual specific gravity was 
measured by the maximum moisture method. The relationship of actual specific 
gravity to estimated cell-wall area that has been derived by both measuring tech- 
niques in the water-swollen condition are given by the regression equations in 
Table 2. Specific gravity in the oven-dry condition (G') was estimated by mea- 
suring the coefficient of shrinkage (S) from the green to the oven-dry condition 
using the relationship 
where G is bulk specific gravity, green volume basis. The coeficient of shrinkage 
(S) is the change in the proportionate amount of cell-wall area per mm2 due to 
the radial and tangential movement from drying (Quirk 1984). The relationship 
between estimated cell-wall area and specific gravity in the dry condition is given 
by the regression equations in Table 2. From the relationship of Eq. (I), estimates 
of average cell-wall density can be made using the slope of the regression. The 
regression equations noted in Table 2 were forced through 0, yielding values listed 
TABLE 2. Rexression of specific gmvir? nnd rnrio of ~a,oll ro cross-secrionnl arm. 
Through dala Through ongin 
TRACHEIDS ONLY $ 
Woter-rw~ollen 
0 
u 
Dual-Linear y = 0.0057 + 0.972~; r = 0.9%3; S ,  = 0.0244 y = 0.9803~; r = 0.9993; S,, = 0.0246 
Dot-grid y = 0.0042 + 1.0009~; r = 0.9994: S, = 0.0098 y = 0.9948~; r = 0.9987; S,, = 0.0156 
h 
0 
Dual-Linear on dot-grid y = -0.0066 + 1.023~; r = 0.9%7; S,, = 0.0235 9 mn 
Oven-dr). P 
in 
Dual-Linear y = 0.0193 + 1.373~: r = 0.9959: S,, = 0.0405 y = 1.401~; r = 0.9989; S, = 0.0399 C! 
Dot-grid y = -0.0081 - 1.423~; r = 0.9969; S ,  = 0.0330 y = 1.411x: r = 0.9987; $, = 0.0431 9 
Dual-Linear on dot-grid y = -0.0198 + 1.0364~; r = 0.9987; S,, = 0.0156 @ 
WHOLE WOOD t 
(Tracheids, Rays, and Resin Ducts) ?? F 
Worer-slvollen - a m
Dual-Linear y = 0.0132 + 0.9727~; r = 0.9%7: S ,  = 0.0243 y = 0.9919~; r = 0.9993: S ,  = 0.0240 a 
Dot-grid y = 0.0041 + 1.006~; r = 0.9995; S ,  = 0.0094 y = 0.9998~; r = 0.9998; S ,  = 0.W92 < - 
m 
Oven-dry - w - 
Dual-Linear y = 0.0077 + 1.431~; r = 0.9953: S,, = 0.0436 y = 1.419~; r = 0.9988: S ,  = 0.0418 
Dot-grid v = 0.0254 + 1.382~: r = 0.9962; S.. = 0.0392 v = 1.420~: r = 0.9989; S..- = 0.0398 
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in Table 2. This procedure was done because some of the Y intercept values 
were plus or minus. 
Cell-wall density was calculated for each of the specimens from the data in 
Table 1 for tracheids only and whole wood (tracheids + rays). The numerical 
average for the six specimens of earlywood and the six specimens of latewood is 
listed in Table 3, rather than values obtained from calculation of the "average 
specific gravity" and "average proportional wall area" values. 
Specific gravity of the completely swollen cell wall at or above fiber saturation 
can be calculated from the equation (Stamm 1964) 
Pm = Psm 
1 + Psm,M 
where Psm is the specific gravity of the dry cell-wall substance determined by 
water displacement. M was equated to the computed void volume in the cell wall 
(VVcw) in the water-swollen condition. 
It is assumed that the specific gravity of the cell wall, Pm, at any intermediate 
moisture content between the fiber saturation point and the oven-dry condition 
can be computed from the equation (Stamm 1964) 
Pso Pm = -- - 
. Pso(M) 
I +; 
Pw 
where Pso is the true specific gravity of the dry cell-wall substance determined 
by helium displacement or 1.46 g/cm3 (Stamm and Hanson 1937). M is the ab- 
sorbed moisture content (below saturation of the fiber) in grams per gram of dry 
wood substance or its equivalent, the void volume in the cell wall below fiber 
saturation point, and Pw is the average specific gravity of the absorbed water. 
Reviews by Wangaard (1969), and Kellogg and Wangaard (1969), demonstrate a 
more acceptable value for density of absorbed water to be 1.014 glcm", as cal- 
culated by Weatherwax and Tarkow (1968), rather than 1 . I  13 g/cm3 (Stamm 1929, 
1950). For computational use, Pw was taken to be 1.014. Computational M was 
equated to the computed void volume in the dry cell wall (VVcw). 
If the measured volume is greater than the volume of the cell-wall substance, 
the extra volume must be due to voids. Estimates of void volume in the cell wall 
in this VVcw were computed from the reciprocal of density-the specific volume 
(Vs) which for the swollen condition is 111.53 = 0.6536 cm3/g and for the oven- 
dry condition is 111.46 = 0.6849 cmVg of solids. The average values derived by 
both Dual-Linear and dot-grid techniques are listed in Table 2 for the six early- 
wood and six latewood specimens. 
For computational use the relationship D = 1.53(1 - VVcw) was rearranged 
to adjust for density of absorbed water at 1.014 or 0.0052 cmVg as 
The adjusted specific volume minus 0.6536 (water swollen) or 0.6849 (oven-dry) 
yielded the values for VVcw in Table 3. 
Estimates of the fiber saturation point were based on the relationship (VVcwI 
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TARLF. 3a. Cell-wall density (PI and void volrrm~ in cell lvaN ( V V c w j f . ~ ~ .  curI.vu~r~rxJ ond /afe~w,od 
in the I V ~ ~ P I - S I ~ ~ O I I P ~  rrnd ovcn-dr,v condition by dot-grid eyepier',. 
Percent 
Void volume of void Adiusled' 
Cell-wall Specific in cell vc~hme cell-WSII 
densily v o l ~ r n t  wall in cell dsnrify 
iP) iVs1 iVVcw1 Wall (PI - 
pkm" r d l p  cnr31g Pcf pkm" 
TRACHEIDS--GREEN 
Earlywoad 0.9922 1.0085 0.3606 35.48 0.987 
Latewood 0.9932 1.0070 0.3586 35.42 0.988 
Annual ring 0.9923 1.0077 0.3593 35.47 0.987 
Regression 0.9948 1.0052 0.3568 35.31 0.990 
TRACHE1D.S-DRY 
Earlywood 1.394 0.72 16 0.0732 9.55 1.384 
Latewood 1.410 0.7107 0.0623 8.52 1.400 
Annual ring 1.399 0.7149 0.0665 9.23 1.388 
Regression 1.411 0.7087 0,0603 8.44 1.401 
TRACHElDS AND RAYS--GREEN 
Earlywood 0.995 1.0060 0.3576 35.32 0.990 
Latewood I .MM 1.0002 0.3519 34.98 0.995 
Annual ring 0.9965 1.0035 0.3551 35.20 0.991 
Regression 0.9998 1.0002 0.3518 34.99 0.995 
TRACHElDS AND RAYS-DRY 
Earlywood 1.399 0.7191 0.0615 9.23 1.389 
Latewood 1.420 0.7057 0.0573 7.90 1.409 
Annual ring 1.405 0.71 17 0.0633 8.83 1.395 
Regression 1.420 0.7042 0.0560 7.89 1.409 
' Adjusted volume fur density of wuter Pw = 1.014 or 0 . M Z  cmh. 
Vs) x 100 or the percent of void volume in the cell wall. Average values for 
earlywood and latewood specimens are listed in Table 3. The individual mea- 
surements for earlywood and latewood cell-wall densities cannot be directly com- 
pared to the estimates derived from the regressions. Therefore, the average values 
for cell-wall density of tracheids and tracheids plus rays (whole wood) for both 
the water-swollen and oven-dry conditions were weighed by the corresponding 
ring volume occupied (earlywood 70% and latewood 30%). Average values are 
listed in Table 3 as "Annual ring." 
RESULTS A N D  DISCUSSION 
In the water-swollen condition, there was little (0.5%) difference in cell-wall 
density between earlywood and latewood by the dot-grid technique (Table 3a). 
This finding was directly in support of Lange's (1958) results, that the average 
earlywood cell-wall density is 2% less than that of latewood. The opposite is true 
for the Dual-Linear technique that indicated earlywood to be approximately 3% 
denser than latewood (Table 3b). 
In the oven-dry condition, there was little (1.0%) difference in cell-wall density 
between earlywood and latewood by the dot-grid technique. However, Dual- 
Linear technique results showed earlywood to be 6% more dense than latewood 
(Table 3b). 
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TARI.E 3h. Crll-l<.aN dpnsily (P )  ond void ~ , o L m r  irr cell a,all ( V V c ~ v j f o r  ccolwt~ood ond larea,ood 
in ~ r c o z  rrnd o ~ , m - d v  r.o,zdirio,n I?Y D~rrl-Li,rrnr. 
Earlywood 
Latewood 
Annual ring 
Regression 
Earlywood 
Latewood 
Annual ring 
Regression 
Earlywood 
Latewood 
Annual ring 
Regression 
Earlywood 
Latewood 
Annual ring 
Regression 
Void vo1umc 
Ceil-wall specific in "ell 
density ""l~rn" wall 
IP) ivs) ivvcwi 
~- 
a/c,?r' cnl'lg onl/g 
TRACHEIDS-GREEN 
I ,0026 0.9995 0.351 1 
0.9767 1.0253 0.3769 
0.9948 1.0052 0.3568 
0.9803 1.0201 0.3717 
TRACHEIDS--DRY 
1.4770 0.6780 0.0296 
1.3953 0.7180 0.0695 
1.4525 0.WR 0.0401 
1.401 0.7138 0.0654 
TRACHEIDS AND RAYS--GREEN 
1.03 17 0.9717 0.3233 
0.9871 1.0145 0.36M) 
1.0183 0.9820 0.3336 
0.9919 1.0082 0.3598 
TRACHEIDS AND RAYS-DRY 
1.5187 0.6596 0.01 12 
1.4135 0.7086 0.0602 
1.4871 0.6724 0.0240 
1.419 0.7047 0.0563 
percent 
"f ""id 
"Ol"me 
in cell 
w:,11 
When weighting the fractional components of the annual ring, estimates of the 
"average" cell-wall density were slightly higher by Dual-Linear and slightly lower 
by dot-grid compared to those obtained from forcing the regressions through the 
origin. Cell-wall density estimates of latewood alone by either technique were 
nearly identical with the regression estimates. 
In the oven-dry condition, cell-wall density derived by measurement using 
either the Dual-Linear or the dot-grid technique demonstrated the same pattern 
as found in the water-swollen condition. Earlywood was slightly less dense than 
latewood by the dot-grid technique for either tracheids alone or whole wood. On 
the other hand, latewood was more dense than earlywood by the Dual-Linear 
technique for either tracheids alone or whole wood (Table 3). The value for whole 
wood derived by regression was 1.42 by either technique and is perhaps more 
realistic compared to accepted values published in the literature. The values 
derived in this study from the microtomed smooth surfaces of separated but intact 
blocks of all earlywood or of all latewood cells in the extractive-free condition 
are good approximations similar to those attained by porisimeter or picnometri- 
cally. 
The average values for calculated specific volume in the water-swollen and 
oven-dry condition derived from Dual-Linear and dot-grid methods for both ear- 
lywood and latewood are listed in Table 4. Shrinkage was computed as the change 
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TABLE 4. Sprrifir vol,rmr (V.T) und .hri!~k<!gr. 
Earlywood Ldlewoad Regcssion 
Z DL 7. DL. Z Dl. 
Water-swollen 
specific volume (VsG) crn3/g 
Oven-dry specific volume 
(VsD) cd!g 
Shrinkage 
(VsG - VsD)NsG x 100 pct 
Wall area shrinkage from 
prior study PCt 
Water-swollen 
specific volume (VsG) cm'ig 
Oven-dry specific volume 
(VsD) cma!g 
Shrinkage 
(VsG - VsD)NsG x 100 pct 
Wall area shrinkage from 
prior study PC1 
TRACHElDS 
1.0085 0.9995 1.0070 
0.7216 0.6780 0.7057 
28.45 32.16 29.92 
28.03 31.85 29.67 
TRACHEIDS AND RAYS 
1.0060 0.9717 1.0002 
0.7191 0.6596 0.7957 
28.52 32.12 29.44 
28.39 32.07 29.43 
in volume and is shown compared to total wall area shrinkage values derived 
from the prior study on shrinkage of cell wall in Douglas-fir (Quirk 1984). The 
data would indicate that the final cell-wall density value in the oven-dry condition 
is a direct function of the percent shrinkage that occurs as the cell wall loses 
moisture. 
The individual values of cell-wall density for the six earlywood and the six 
latewood specimens were plotted against the percent shrinkage that occurred in 
the total wall area and are shown in Fig. 1 for tracheids only and Fig. 2 for 
tracheids plus rays (whole wood). Coefficients of correlation of 0.97 were found. 
From the spread of the data points, it is obvious that both earlywood and 
latewood samples varied considerably in the percent shrinkage and subsequent 
final estimated wall density. 
Estimates of cell-wall density can be attained with better precision with either 
the Dual-Linear micrometer or the dot-grid ocular eyepiece in conjunction with 
an incident illuminating microscope than can be attained with cut sections. The 
wood specimen is left fully intact, and the sampling field is optically superimposed 
upon the wood image. 
Determinations of proportional wall area are more time-consuming with the 
dot-grid eyepiece, yet most laboratories are not equipped with a Dual-Linear 
micrometer. The dot-grid eyepiece, which is readily available and of small cost, 
is just as useful in obtaining proportional data. 
Multiple regressions as used here are limited to predicting the specific gravity 
or cell-wall density of the wood under the given set of test conditions for which 
they were developed. Therefore it would be inadvisable to apply such equations, 
developed on the basis of a restricted sample, to the species in general. Never- 
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1.5 - 
1.4 - - 
y = 0.9213 + 0.0166~ 
r = 0.9682 
Syx = 0.0232 - 
0 - Earlywood 
I 
A - Latewood 
1.2 I 
20 25 30 35 40 
(%I SHRINKAGE IN TRACHEID WALL AREA 
FIG. I. Cell-wall density of tracheids only of earlywood and of latewocd with percent shrinkage 
occurring in tracheid wall area. 
theless, this comparison demonstrates that from a few sample specimens one first 
can ascertain the variance and from that the degree of sampling for a desired 
precision; one therefore can develop new predictive regressions for a new set of 
test conditions. 
1.5 - 
1.4 - - 
y = 0.9251 + 0.0167~ 
r = 0.9707 
Syx = 0.0223 - 
0 - Eorlywood 
A - Latewood 
1.2 I I 
20 25 30 35 40 
(%I SHRINKAGE IN WHOLE-WOOD WALL AREA 
Fta. 2. Cell-wall density of whole wood (tracheids plus rays) of earlywood and of latewocd with 
percent shrinkage occuning in whole-wood wall area. 
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As mentioned earlier, most controversy in the literature concerns estimating 
or measuring void volumes in the cell wall (VVcw) and the size of the interfibrillar 
spacings, especially in the near or oven-dry condition. 
Total wall volume less the specific volume of solids gives estimates of the void 
volume in the cell wall (VVcw) at the time and conditions of measurement. From 
the relationship D = 1.53(1 - VVcw), i t  can be shown that if the value for cell- 
wall density in the water-swollen condition is taken as unity or at least closest to 
the density of water at 4 C, estimates of the VVcw would be 34.6%. In this study 
the derived values in Table 3 indicated that a fiber saturation point estimated 
from the void volume in the water-swollen cell wall would be 32.% for earlywood 
and 35.8% for latewood by the Dual-Linear technique. The estimated fiber sat- 
uration point is 35.3% for earlywood and 35.0% for latewood by the dot-grid 
technique. These values are similar to a fiber saturation point of 35% for lohlolly 
pine, and 36% for spruce pine found by Wangaard (1969). and are in keeping with 
other data (Feist and Tarkow 1967; Nearn 1955; Stamm 1971; Stone and Scallan 
1967: Wangaard and Granados 1967) indicating either that removal of extractives 
increases the fiber saturation point of the wood or that the true fiber saturation 
point is lowered because of the bulking action of extractives. 
Data for this study by both the Dual-Linear and the dot-grid computed on the 
basis of 1.53 g/cm3 would indicate a 7.93% void volume (VVcw) in the dry wall 
by Dual-Linear and a 7.8Wo void volume (VVcw) in the dry wall by dot-grid 
(Table 3). If one were to use the density value of 1.46 glcm~helium) and adjust 
the values in Table 3, however, the adjusted percentages would be I - 1.411 
1.46 = 3.4%, more in keeping with expected published values. 
Using the formula of Berlyn (1970), the spacing between microfibrils within the 
water-swollen cell wall computes to 20 A for both earlywood and for latewood. 
The average interfibrillar spacings between elementary fibrils in the dry wall com- 
pute as 4.7 A in earlywood and 8.3 A for latewood, by either of the two tech- 
niques. 
SUMMARY 
Dry cell-wall density (1.42 gIcm3 determined by optometric methods for esti- 
mating wall volume was equivalent to values obtained by mercury porosimeter 
and picnometric methods using nonswelling immersion media. 
Void volume estimates of the cell wall in the water-swollen condition gave 
good estimates of the fiber saturation point. 
In addition, data indicated that cell-wall density from the water-swollen to the 
oven-dry condition is governed by the percentage shrinkage that takes place in 
the cell walls or that cell-wall density is cell-wall substance plus void volume. 
Finally, the two methods demonstrate that anatomic parameters of any intact 
wood specimen can be estimated under an incident illuminating microscope at 
any test condition to derive cell-wall area, cell-wall density, and specific gravity, 
which are important to pulping, permeability, gluing, veneering, or particleboard 
studies as well as to those studies involving strength-structure relationships. 
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